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SECTION  \ 
INTRODUCTION 


During  the  course  of  the  CAST  program,  fatigue  and  fracture  data  were  developed  to 
support  the  durability  and  damage  tolerance  analysis  efforts.  These  data  were 
obtained  from  specimens  that  were  machined  from  separately  cast  plates  and  blocks 
(ref.  1).  Although  a  relatively  large  number  of  specimens  were  tested,  the  question  of 
what  the  properties  of  the  cast  bulkheads  v.ore  remained.  Unlike  data  of  wrought 
materials,  separately  cast  specimen  data  do  not  necesaai  liy  correlate  to  properties  of 
full-scale  castings.  A  large  number  of  foundry  variables,  such  as  location  of  chills  and 
risers,  greatly  influence  the  material  properties.  Therefore,  fatigue  and  fracture 
properties  evaluation  of  the  cast  bulkheads  was  performed  in  addition  to  the  full-scale 
test  evaluation  of  structural  integrity.  The  data  of  reference  1  will  be  referred  to  as 
separately  cast  specimen  data  in  this  report,  ir.  contrast  to  the  data  obtained  from 
specimens  excised  from  the  bulkheads. 
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SECTION  II 

FATIGUE  AND  FRACTURE  TEST  DATA 
TEST  SPECIMEN  ORIGIN 


Twenty  cast  aluminum  (A357-T6)  bulkheads  (Fig.  l)  were  produced  by  the  Boeing 
and  Hitchcock  foundries  during  Phase  IV  of  the  CAST  program  (ref.  2).  The 
Hitchcock  castings  were  produced  according  to  Boeing's  manufacturing  plan  and 
with  Boeing-developed  and  furnished  tooling.  Two  bulkheads  were  selected  from 
each  foundry  for  mechanical,  fatigue,  and  fracture  property  testing.  The  results 
of  the  mechanical  property  testing  are  discussed  in  Part  III  of  this  report, 
reference  3.  Th*^  selected  bulkheads  are  identified  as  follows: 

Boeing  foundry  M08 ,  M09 

Hitchcock  foundry  N02,  N09 


The  Boeing  castings  were  out  into  five  pieces  as  shown  in  Figure  2  prior  to  heat 
treatment.  The  Hitchcock  castings  were  heat  treated  in  one  piece.  Heat 
treatment  of  all  castings  was  as  follows: 


Solution  heat  treatment: 
Quench  delay ; 

Quenchant ; 

Natural  aging : 

Precipitation  heat  treatment 
(aging) : 


1010  +  loop  for  24  to  25  hours 
10  seconds  maximum 
106  +  150p  water 

Room  temperature  for  16  to  24  hours 
325  +  loop  for  7  to  8  hours 


Constant-amplitude  fatigue  specimens  were  obtained  from  each  of  the  four 
castings.  They  were  removed  from  the  sidewalls  of  the  corrugations  in  Tione  1 
(Fig.  2).  Crack  growth  specimens  were  removed  from  the  shear  webs  in  Zones  3 
and  5.  Only  the  attachment  lugs,  among  the  critical  areas,  were  thick  enough  to 
remove  compact  specimens  for  fracture  toughness  testing.  Specimens  were 
obtained  from  lugs  number  1,  2,  7,  and  8  from  each  casting.  Table  1  summarizes 
this  information  and  presents  the  total  number  of  specimens  involved  in  the 
investigation. 
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FATIGUE  SPEGMENS 


w 


umen 


^}eHmens  Lost  In  Machine  Shop 


2.  FATIGUE  TEST  RESULTS 


Constant-amplitude  fatigue  tests  were  conducted  according  to  ASTM  recom¬ 
mended  practice  (ref.  4)  as  much  as  possible.  The  specimen  surfaces  were 
basically  left  as-cast,  except  that  some  cleanup  was  peformed  when  protrusions 
were  present.  Because  of  the  nature  of  the  castings,  the  specimens  did  not  have 
completely  uniform  thicknesses  and  were  not  completely  flat.  The  specimen 
geometry  was  as  shown  in  Figfure  3.  All  tests  were  performed  in  laboratory  air 
environment  at  a  stress  ratio  of  R  =  0.06.  The  test  results  are  summarized  in 
Table  2.  A  comparison  of  these  data  to  the  separately  cast  specimen  data  is 
shown  in  Figure  4.  The  bulkhead  data  are  scattered  over  a  wider  range  of  cycles 
to  failure,  but  the  number  of  data  points  also  is  larger  ac  this  maximum  stress 
level.  Assuming  a  two-parameter  Weibull  distribution  for  S-N  data,  it  is  found 
that  the  number  of  cycles  for  37%  probability  of  survival  (61,000)  for  these  data 
is  approximately  the  same  as  for  the  independent  specimen  data  (56,000). 

For  Boeing  durability  analysis,  it  is  customary  to  express  S-N  curves  as  a  four- 
parameter  family  of  curves,  i.e.? 

^max  “  f(DFR,  fmo»  N) 

where  DFR,  f^joj  S,  and  R  are  the  parameters  and  N,  number  of  cycles,  is  the 
independent  variable.  It  has  been  found  that  the  parameters  fj^^o  and  S  are 
material-dependent  and  can  be  kept  constant  for  a  given  material.  The 
parameter  R  is  the  stress  ratio.  Therefore,  the  geometric  effects  on  fatigue  life 
or  the  quality  of  the  structure  with  respect  to  fatigue  can  be  expressed  solely  by 
the  detail  fatigue  rating,  DFR. 

A  DFR  of  11  for  a  stress  concentration  of  k^  =  3.0  was  used  in  the  durability 
analysis  of  the  bulkhead  (ref.  5).  The  data  presented  here  yield  a  DFR  of  11.9, 
which  is  approximately  the  same  as  for  the  separately  cast  specimen  data.  Since 
a  higher  DFR  means  better  fatigue  quality,  it  is  thus  demonstrated  that  a 
slightly  conservative  DFR  or,  in  other  words,  a  slightly  conservative  S-N  curve, 
was  used  in  the  Phase  III  durability  analysis. 
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Table  Z  Fatigue  Test  Results 


Specimen  ID 

Max.  fatigue  stress  ( ksi)  R  ■  .06 

Cycles  to  failure 

NSNH2C1 

12.6 

2870001/ 

NSNH2C2 

18 

ISOOO 

NSNH2C3 

46000 

NSNH9C1 

103000 

NSNH9C2 

44000 

NSNH9C3 

39000 

NSN8C1 

31000 

NSN8C2 

56000 

NSN8C3 

7000  2/ 

NSN9C1 

33000 

NSN9C2 

30000 

NSN9C3 

30000 

Rested  at  12.6  ksi  in  error,  grip  failure 
^Grip  failure 
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Figure  3.  Fatigue  7i»f  Specimen 
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If  one  examines  the  Boeing  and  Hitchcock  data  separately,  it  is  found  that  the 
fatigue  quality  of  the  Hitchcock  castings  in  the  area  investigated  was  better. 
The  DFR  for  the  Hitchcock  castings  was  found  to  be  12.2,  while  the  DFR  for  the 
Boeing  castings  was  10.5  (Table  3).  A  large  margin  on  fatigue  life  was  predicted, 
such  that  this  slightly  lower  DFR  for  the  Boeing  castings  is  of  no  consequence. 

3.  CRACK  GROWTH  RATE  TEST  RESULTS 

Crack  growth  rate  tests  were  conducted  according  to  the  ASTM  tentative  test 
method  (ref.  6).  The  compact-type  specimen  was  used  (Fig.  5).  All  testing  was 
performed  in  laboratory  air  environment.  A  record  of  crack  length  versus 
number  of  load  cycles  was  obtained  by  using  bonded-on,  resistance-type  foil 
gages.  The  laboratory  test  reports  are  contained  in  Appendix  A.  These  crack 
growth  rate  data  have  been  combined  in  Figure  8  and  compared  to  the  data 
obtained  from  the  separately  cast  specimens,  it  is  seen  that  the  two  sets  of  data 
are  in  general  agreement.  It  is  noted  that,  upon  removal  of  data  from  specimens 
SEN  95-1,  SEN  95-2,  SENH  95-1,  and  SENH  95-2  (Fig.  7),  the  remaining  data 
exhibit  considerably  reduced  scatter  (Fig.  8).  It  Ls  further  noted  that  the 
removed  data  (Fig.  7)  represent  crack  growth  rates  of  the  same  area  of  the  four 
bulkheads  (Area  5,  Fig.  2)  exclusively.  An  examination  of  the  fracture  surfaces 
by  optical  microscope  to  30 X  magnification  indicates  that  there  is  a  slight 
increase  in  microshrinkage  in  these  specimens  compared  to  the  others. 

The  crack  growth  rate  expression: 

da/dN  =C(1  -  R)m  (Kmax)"» 

where  C,  m,  n  are  material  related  constants,  K^gx  is  the  maximum  stress 
intensity  factor,  and  R  is  the  stress  ratio,  was  least-squares-fitted  to  (1)  all 
bulkhead  data,  (2)  the  Hitchcock  data,  and  (3)  the  Boeing  bulkhead  data.  Figure 
9  shows  the  resulting  lines.  There  is  no  significant  difference  between  the 
Boeing  and  Hitchcock  data.  Also,  the  difference  between  the  crack  growth  rates 
used  for  the  Phase  III  crack  growth  tmalyses  and  the  data  obtained  from  this 
investigation  is  negligible  and  the  analysis  is  conservative  in  the  low  K  regime. 
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Tabh  3.  Detafi  Fatigue  Ratings 


Cwtingi 

Characttrittlc  life*  (cyciM) 

DFR 

Hitchcock 

70,963 

12.1 

BMing 

40,1384 

10.6 

3.126 - 

Figure  5.  Crack  Growth  Rate  Test  Specimen 


Fi§ut§  9.  Comfuarhon  of  Cmck  Growth  Ratm 


Overall,  it  is  gratifying  to  see  the  agreement  between  the  separately  cast 
specimen  data  and  the  bulkhead  data.  This  demonstrates  that  useful  crack 
growth  rate  data  can  be  obtained  from  separately  cast  material. 

FRACTURE  TOUGHNESS  TEST  RESULTS 

Plane-strain  fracture  toughness  tests  were  conducted  according  to  ASTM 
standard  test  method  (ref.  7).  The  compact-type  specimen  geometry  (Fig.  10) 
was  used.  The  specimens  were  located  on  the  attachment  lugs  as  shown  in 
Figure  11.  These  lugs  were  heavily  chilled  to  obtain  optimum  properties.  All 
tests  were  conducted  in  laboratory  air  environment.  The  laboratory  test  results 
are  contained  in  Appendb;  B.  The  crack  front  of  all  specimens  exhibited  too 
much  curvature  according  to  reference  7  and,  for  that  reason,  no  valid  plane- 
strain  fracture  toughness  (K^q)  data  were  obtained.  The  data  are  henceforth 
referred  to  as  Kq  data.  An  examination  of  the  data  (Table  4)  shows  that  the 
results  fall  into  one  of  three  categories: 

1.  Failure  during  fatigue  cracking  (specimens  CH9L1,  C9L1,  C9L8) 

2.  Lower  Kq  values  compared  to  item  3  (specimens  CIILI,  CH9L2,  CH9L7) 

3.  Consistently  good  Kq  results  for  the  remaining  specimens 

The  fracture  surfaces  of  the  specimens  were  examined  under  an  optical  micro¬ 
scope  at  30X  magnification.  Specimens  of  category  2  showed  more  micro¬ 
shrinkage  than  specimens  of  category  3.  Category  1  specimens  had  noticeably 
more  microshrinkage  and  the  siiae  of  these  defects  was  larger  compared  to  the 
other  specimens.  Thus,  the  amount  and  sizes  of  the  defects  correlate  with  the 
test  results,  as  expected.  Considering  average  Kq  values  for  the  individual 
bulkheads  and  ignoring  the  ones  with  prematurely  failed  specimens,  it  is  found 
that  bulkhead  number  M08  had  slightly  better  fracture  toughness  in  the  lug  areas 
than  bulkhead  No.  2.  Bulkhead  No.  9  exhibited  the  lowest  fracture  toughness. 
Records  of  the  process  variables  for  the  individual  bulkheads  do  not  offer  any 
clues  to  this  relative  ranking  in  fracture  toughness. 

Residual  strength  analysis  was  conducted  during  Phase  III  of  the  CAST  program. 
An  average  Kic  value  of  17.6  ksi  in.1/2  used  with  a  lower  bound  of  16 

ksi  in.1/2.  These  values  were  derived  from  some  valid  Kjc  tests  conducted 
earlier  in  the  CAST  program.  Since  the  crack  front  curvature  of  the  bulkhead 


Table  4.  Fracture  Toughness  Test  Results 


Specimen  ID 

Kq  i:si  VTtT 

CH2L1 

21.6 

CH2L2 

20.8 

CH2L7 

19.7 

CH2L8 

20.6 

CH9L1 

18.3 

CII9L2 

18.7 

CH9L7 

13.9 

CH9L8 

Precrack 

Failure 

C8L1 

24.4 

C8L2 

20.5 

C8L7 

20.6 

C8L8 

20.0 

C9U 

Precrack 

Failure 

C9L2 

21.4 

C9L7 

21.6 

C9L8 

Precrack 

Failure 

specimens  is  not  too  severe,  it  can  be  assumed  that  the  Kq  values  obtained  are 
close  to  valid  Kjq  values.  The  average  Kjq  value  used  in  the  phase  III  analyses 
is  thus  confirmed.  However,  a  lower  bound  of  Ifi  ksi  in^/2  appears  too 
optimistic  in  light  of  this  investigation.  The  independent  specimen  data  yielded 
Kq  values  from  ?3.7  to  26.8  ksi  in.1/2  an  average  Kq  of  26.1  ksi  in.^/^. 
However,  these  data  exhibited  too  much  yielding  (2.5(Kq/TYS)  2  b)  and, 
therefore,  cannot  be  assumed  to  be  close  to  Kjc.  Therefore,  a  comparison  of 
the  bulkhead  data  with  the  separately  cast  specimen  data  is  not  possible. 


18 


SECTION  ffl 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  fatigue  and  fracture  property  data  obtained  from  four  full-scale  A357  cast 
aluminum  aUoy  bulkheads  (two  each  from  the  Boeing  and  Hitchcock  foundries) 
confirmed,  in  general,  the  material  properties  assumed  for  the  Phase  III  durability  and 
damage  tolerance  analysis.  The  data  also  are  in  general  agreement  with  property  data 
obtained  from  specimens  that  were  machined  from  separately  cast  plates  and  blocks. 
The  low  fracture  toughness  values  obtained  from  two  of  the  castings  also  point  out 
that  a  need  exists  for  continued  development  of  this  casting  technology.  In  particular, 
a  need  exists  to  develop  the  nondestructive  evaluation  of  fatigue  and  fracture 
properties  of  ci  stings.  For  castings  to  be  used  in  primary  aircraft  structure,  it  is 
absolutely  necessary  to  know  the  lower  bound  fracture  toughness  with  a  high  degree  of 
confidence. 

The  need  for  nondestructive  evaluation  of  casting  mechanical  properties  was 
recognized  earlier  in  the  CAST  program,  and  a  promising  method  has  been  developed 
for  tensile  properties  and  further  improvements  are  planned.  It  is  recommended  that 
the  nondestructive  evaluation  of  fatigue  and  fracture  pioperties  of  castings  also  be 
developed. 
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Tabl0  A- 1. 1.  Crack  Growtii  Data  -  SEN  83- 1 


SPECIMEN  NO.  SENBS-l 


RLLOY 

HEftT  TRERT 
ALLOY  FORM 
SURF.  TRERT. 
MANUFRCTURER 
HERT  NUMBER 
SPEC.  CONFIG. 
CRK  ORIENT’N 
ENVIRONMENT 
TEST  TEMP. 
TEST  HUMIDITY 
YIELD  STRESS 
MPY.  LORD 
STRESS  RATIO 
SPEC.  THICK. 
SPEC.  WIDTH 
SPEC.  FAILURE 


R357 

T6 

CAST 

AS  HILLED 

BOEING 

NR 

06-4671-626 
NR  . 

RIR 

72  DEG  F 
S5  PCT  RH 
39.6  KSI 
375  LB 

e.  060 

0. 1202  INCHES 
2.498  INCHES 
88000  CYCLES 


„  TIME  8i41i26 
S  DATE  1/25/80 


PROGRRM  NOTCHl  --  VERSION 


■^.00 


20.00  40.00  60.00  80.00 

NUMBER  OF  CYCLES  (X103  ) 


100. 00 
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Table  A- 1.2.  Crack  Growth  Data  -  SEN  83- 1 


ISPECIMEN  NO. 
-RLLOY 
-HERT  TRERT 
rfiLLOY  FORM 
■'SURF.  TRERT. 
-MRNUFRCTURER 
UERT  NUMBER 
_SPEC.  CONFIG. 
CRK  ORIENT’N 
ENVIRONMENT 
-TEST  TEMP. 
TEST  HUMIDITY 
YIELD  STRESS 
MRX.  LORO 
STRESS  RATIO 
.-SPEC.  THICK. 
-SPEC.  WIDTH 
-SPEC.  FAILURE 


SEN83-1 

R357 

T6 

CAST 

fiS  MILLED 

BOEING 

NR 

06-4671-626 

NR 

AIR 

72  DEG  F 
55  PCT  RH 
39.6  KSI 
375  LB 
e.  B6^ 

a. 1202  INCHES 
2.498  INCHES 
88000  CYCLES,- 


8i41i26 

1/25/80 


I 

O 

QC 

CJ  10.. 


I 


■■ 

I 


■■ 

u 


DELTA  K 
DELTR  K 
RZ 


8.62(DR/DN)®- 
18.7  WHEN  OR/DN  ■ 
0.  983 


PROCRRM  NOTCHl  --  VERSION  2 


DELTR  K  (KSI  /TN) 


Table  A- 1.3.  Crack  Growth  Data  -  SEN  83- 1 


Table  A-2.3.  Crack  Grov/th  Data  -  SEN  83-2 
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Table  A-3. 1.  Crack  Growth  Data  •  SEN  85- 1 


SPECIMEN  NO. 

SEN85-1 

RLLOY 

R357 

HERT  TAERT 

T6 

RLLOY  FORM 

CRST 

SURF.,  TRERT. 

RS  HILLED 

MRNUFRCTURER 

BOEING 

MEP.r  NUMBER 

NR 

SPEC.  CONFIG. 
CWK  ORIENT'N 

06-4671-626 

NR 

ENVIRONMENT 

RIR 

TEST  TEMP. 

72 

DEG 

F 

TEST  HUMIDITY 

56 

PCT 

RH 

YIELD  STRESS 

39. 6 

KSl 

MRX.  LORO 

375 

LB 

STRESS  RRTIO 

0. 060 

SPEC.  THICK. 

0. 1256 

INCHES 

SPEC.  WIDTH 

2.  498 

INCHES 

SPEC.  FRILURE 

188000 

CYCLES 

TIME  ItilSiZS 

DRTE  1/25/80 

PROGRPIM  NOTCWl 
- — - - - — - - - 

80.00  120.00  160.00  203.00 

NUMBER  OF  CYCLES  (X103  ) 


2^10.  00 


Table  A-3.2.  Crack  Growth  Data  -  SEN  85- 1 


SPECIMEN  NO. 

SEN85-1 

RLLOY 

fi3S7 

HERT  TRERT 

T6 

RLLOV  FORM 

CRST 

SURF.  TRERT. 

fiS  MILLED 

MRNUFRCTURER 

BOEINC 

WERT  NUM8ER 

NR 

SPEC.  CONFie. 
CRK  ORIENT'N 

06-4671-626 

NR 

ENVIRONMENT 

RIR 

TEST  TEMP. 

TEST  UUMiOITY 

72 

S6 

OEe  F 
PCT  RH 

YIELD  STRESS 

39.6 

KSI 

MRX.  LORD 

375 

LB 

STRESS  RRTIO 

0.060 

SPEC.  THICK. 

0. 1256 

INCHES 

SPEC.  WIDTH 

2.  498 

INCHES 

SPEC.  FfilLURE 

188000 

cycleJ. 

TIME  llilSi23 

ORTE  1/25/80 

niHBHH 


!«! 


DELTR 

K  = 

9.  40(DR/DN>®- 

DELTR 

K  = 

19.6  WHEN  OR/ON  =  100. 

RZ 

S 

0.974 

■!!NI 
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PROCRRM  NOTCHl  --  VERSION  2 
I  I  I  I  I  I  I 


DELTA  K  (KSI  vTN) 


Table  A-3.3.  Crack  Growth  Data  -  SEN  85- 1 


Table  A-4. 1.  Crack  Growth  Data  -  SEN  85-2 


SPECIMEN  NO.  SEN85-2 


RLLOY  R 

HEAT  TRERT  T 
RLLOY  FORM  C 
SURF.  TRERT.  R 
MRNUFfiCTURER  B 
RERT  NUMBER  N 
SPEC.  CONFIG.  D 
CRK  ORIENT'N  N 
ENVIRONMENT  fi 
TEST  TEMP. 

TEST  HUMIDITY 
YIELD  STRESS 
MfiX.  LORO 
STRESS  RATIO 
SPEC.  THICK. 
SPEC.  WIDTH 
SPEC.  FAILURE 

TIME  111  5t2* 
ORTE  1/25/80 


R3S7 

T6 

CAST 

RS  MILLED 

BOEING 

NR 

06-4671-626 

NR 

AIR 

70  DEG  ^ 
42  PCT  RH 
39.6  KSl 
375  LB 
0.060 

0. 1234  INCHES 


2.  499 
219000 


INCHES 

CYCLES 


PROGRRM  NOTCHl  --  VERSION 


60.00  80.00  120.00  160.00  200.00 

NUMBER  OF  CYCLES  (XIP^  ) 
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Table  A-5. 1.  Crack  Growth  Data  -  SEN  93- 1 


1  1 

SPECIMEN  NO. 

SENV3-1 

RLLOY 

R357 

HERT  TRERT 

T6 

RLLOY  FORM 

CAST 

SURF.  TRERT. 

RS  MILLED 

MRNUFRCTURER 

BOEING 

HERT  NUMBER 

NA 

SPEC.  CONFIG. 

06-4671-626 

CRK  ORIENT’N 

NR 

ENVIRONMENT 

RIR 

TEST  TEMP. 

68 

DEG  F 

TEST  HUMIDITY 

50 

PCT  RH 

YIELD  STRESS 

39.6 

KSl 

MAX.  LORD 

375 

LB 

STRESS  RATIO 

0.060 

SPEC.  THICK. 

0.1397 

INCHES 

SPEC.  WIDTH 

2.  500 

1  ACHES 

SPEC.  FAILURE 

152000 

CYCLES 

TIME  111  9iiP 

DATE  1/25/80 

PROGRRM  NDTCHl  --  VERSION  2 


1.00  80.00  120.00  160.00 

NUMBER  OF  CYCLES  (X103  ) 


200.00 


Table  A-5.Z  Crack  Growth  Data  ■  SEN  93-1 


:SPEC1MEN  NO.  SEN93-1 


-flLLOV 
-HERT  TRERT 
RLLOy  FORM 
‘SURF.  TREAT. 
-MANUFACTURER 
HEAT  NUMBER 
-SPEC.  CONFIG. 
CRK  ORIENT'N 
ENVIRONMENT 
-TEST  TEMP. 
TEST  HUMIDITY 
YIELD  STRESS 
MfiX.  LORD 
STRESS  RATIO 
-SPEC.  THICK. 
-SPEC.  WIDTH 
-SPEC.  FAILURE 


R357 

T6 

CAST 

AS  MILLED 

BOEING 

NR 

06-4671-626 

NR 

AIR 

68  DEG  F 
50  PCT  RH 
3P.6  KSl 
376  LB 
0.060 

0.1397  INCHES 
2.S00  INC'FS 
152000  CYULES,- 


lli  9i49 
1/25/80 


I 

O 

CL 

CJ  10, 


DELTA  K  =  B.49(DR/DNr- 
DELTR  K  =  19.0  WHEN  DR/DN  =  100. 
R2  =  0.931 


PROGRAM  NOTCH'  --  VERSION  2 


QELTfl  K  (KSI  vTN) 


TENSION  SPECIMEN 
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CRfiCK  LENGTH  (INCHES) 

,60  0.70  0  80  0.90  1.00  1.10  1.20  1.30  1.60 


Table  A-S.  1.  Crack  Growth  Data  -  SEN  93-2 


i  1 

SPECIMEN  NO.  SEN-P3-2 

RLLOY  R357 

HERT  TRERT  T6 

RLLOY  FORM  CRST 

SURF.  TRERT.  'IS  MILLED 
MRNUFRCTURER  BOEING 
-  HLRT  NUMBER  NR 

SPEC.  CONFIG.  06-4671-626 

CRK  ORIENT'N  NR 

ENVIRONMENT  flIR 

TEST  TEMP.  69  DEG  F 

TEST  HUMIDITY  50  PCT  RH 

YIELD  STRESS  39,6  KSI 

MRX.  LORD  375  LB 

u 

STRESS  RRT 
SPEC.  THIC 
SPEC.  WIDT 
SPEC.  FRIL 

TIME  8i5 
DRTE  1/1 

ID  0.06 

K.  0.12 

H  2.  49 

URE  20400 

6i  4 

5/80 

0 

52  INCHES 

9  I  NC.HES 

0  CYCLES 

\ 

j 

/ 

/ 

— 

y 

PROGRF 

IM  NOTCHl  -- 

— 

VERSION  2 

— 

%0.00  80.00  120.00  160.00  200.00  260.00 


NUMBER  OF  CYCLES  (X103  ) 
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Tabit  A-6.Z  Cnck  Growth  Data  -  SEN  93-2 


(^SPECIMEN  HO.  ‘ 
hRLLOY  f 

-HEfiT  TREPT  T 
RLLOY  FORM  C 
SURF.  TRERT.  f 
-MRNUFRCTURER  E 
HERT  NUMBER  ^ 
-SPEC.  CONFIG.  C 
CRK  ORIENT'N  ^ 
ENVIRONMENT  I 
-TEST  TEMP. 

TEST  HUMIDITY 
YIELD  STRESS 
MAX.  LORD 
STRESS  RATIO 
100. -SPEC.  THICK. 
-SPEC.  HIDTH 
-SPEC.  FAILURE 

.  -TIME  81S61  i 

j  ORTE  1/25/80 


SEN-P3-2 

fi3S7 

T6 

CRST 

flS  MILLED 

BOEING 

NR 

06-4671-626 

NR 

niR 

69  DEG  F 
50  PCT  RH 
39.6  KSI 
375  LB 
0.  060 

0. 1252  INCHES 
2.499  INCHES 
204000  CYCLES,- 


O 

q: 

O  10. 


delta  K^  9.59<DR/DN>®- 
DELTR  K  «  19.7  HHEN  DR/DN  =  100. 
R2  «  0.975 


PROGRRM  NOTCHl  --  VERSION  2 


OELTR  K  (KSI  vTN ) 


Table  A-6.3.  Crack  Growth  Data  -  SEN  93-2 
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SPECIMEN  NO. 

SEN2S-2 

RLLOy 

R3S7 

HERT  TREAT 

T6 

RLLOY  rORM 

CAST 

SURF.  TREAT. 

RS  HILLED 

MHNUFRCTURER 

BOEINR 

RF.RT  NUMBER 

NR 

SPEC.  CONFIfi. 
CRK  ORIENT’N 

06-4671-626 

NR 

ENVIRONMENT 

AIR 

TEST  TEMP. 

73 

DEC 

F 

TEST  HUMIDITY 

52 

PCT 

RH 

YIELD  STRESS 

39.6 

KSl 

MAX.  LORO 

375 

LS 

STRESS  RRTIO 

0.060 

SPEC.  THICK. 

0. 1246 

INCHES 

SPEC.  HIOTH 

2.496 

INCHES 

SPEC.  FRILURt 

192000 

CYCLES 

TIME  12i44i27 

DATE  1/2S/80 

PROEttRK  NOTCHl  —  VERSION 


1.00  se.se  120.00  160.00 

NUMBER  OF  CYCLES  (X103  ) 


200.00 


:ro-in/cycle) 


1  £P0. 


Tabit  A-10.Z  Crack  Growth  Data  ■  SEN  25-  2 


.SPECIMEN 

NO.  SEN25 

■  / 

1  ■  1 _ 

“ 

— 

1 — 1 

-2 

/ 

-PLLOY 

H357 

_ 

1-HERT  TRERT  T6 

/ 

!  RLLOY  FORM  CRST 

/ 

dUHr  ,  IKLHI.  niLLLU 

-:^fiNUFRCTURER  BOEING 

4— 

RERT  NUMBER  NR 
-SPEC.  CONFIG.  06-4671-626 

/ 

CRK  ORIENT'N  NR 
ENVIRONMENT  RIR 
-TEST  TEMP. 

73  DEG 

F 

/ 

TEST  HUMIOITY 
YIELD  STRESS 
HRX.  LORD 

STRESS  RRTIO 
.-SPEC.  THICK. 

52  PCT  RH 
39.6  KSI 

375  LB 

0.06C 

0. 1246  INCHES 

j _ 

J 

f 

-SPEC.  WIDTH 

2. 

96 

INCHES 

^1 

-SPEC.  FOlLUaF 

i 09aaa 

f  vni  rci 

_ i 

M 

I 

> 

UTIME  12i44i27 

DRTE  1/ 

25/80 

[ 

' 

T 

L 

— 

_ 

-i 

— 

— 

— 

s 

2 

E 

— 

H 

■ 

■ 

■1 

■ 

■ 

■ 

■ 

1 

HUI 

■1. 

- 

■ 

■ 

■ 

■ 

■ 

1 

1 

K 

H 

■ 

■ 

■ 

■ 

■ 

1 

■n 

■ 

■ 

■ 

■ 

1 

1 

1 

RHi 

Si 

■ 

■ 

1 

1 

1 

1 

H 

■ 

I 

1 

1 

1 

1 

1 

■ 

B 

■ 

1 

1 

1 

1 

1 

■ 

1 

1 

1 

1 

!■ 

1 

1 

1 

1 

1 

1 

1 

““““ 

— 

— 

- 

R 

■  . 

- 1 

— 1 

- 1 

IMI 

^■1 

H 

- 

H 

■ 

u 

^■1 

HI 

- 

H 

■ 

1 

■ 

■ 

■ 

■ 

■ 

■ 

1 

"1 

■ 

■ 

■ 

mm 

■1 

■ 

■ 

■ 

1 

1 

■ 

B 

■ 

■ 

1 

mm 

■ 

■ 

■ 

■ 

1 

n 

1 

■ 

■ 

■ 

1 

■ 

■ 

1 

1 

1 

1 

DELTR 

DELTfi 

K  = 

K  = 

9. 84(DR/DNI®- 
19.0  WHEN  DR/DN  = 

100. 

11 

1 

IS 

■ 

1 

1 

1 

1 

PROGRRM  NDTCHl  - 
A _ 1 _ 

INI 

-  VERSION  2 
_ 1 _ 1  1  1 

Table  A-tO.3.  Crack  Growth  Data  -  SEN  25-2 


in 


|r 

u!j 


n  ©  ft)  a>  O  ^  T 1 1/)  "T  OMO  <s> n  6>  o  CD  ®  OJ  T  m  t -I  fn  m  f\j  LT)  ^  U)  D  n 'T 

. 


fu  cvi  cu  w  AJ  (u  cu  nj  f 0  ©  n  ©  m  T  0)  m  ©  r 


MmS!fSSi2!i;gS^K5Li58^Hl[}jOSSP!?^?Sf^2&iS 


_  _ _ _ _ .-(DC 


cr>  ®  ®  <s  o  «>  w -H  ^  ^  rxi  aj  (\j  (\j  ro  n  ©  LT.  LD  0)  vD  O)  N  r- ©  m  cr>  ©  ®  t-t -H  (M  ft)  n 
. -irunjftjruftifti 


i  pSW?i§gffiEffiSgiSSSSfflSgllR;?KS8 


lEum 

iifj5;)SS3.s! 


5  T  ft)  QJ ^  © ’IT  i  ®  ftJ ’T  0 1  ft)  ft)  ®  ^ 
5  r)  ^  CO  ^  V  cn  M  ry  © ® 

pftJtCoftj vft  LnSr-r^ 

U?KSgiS?:f:0£8SS 


Sl!52SP&;^’gF:S5Ri22?g?[i;ggSfi?2?S8^?SW!fi88£S2S2 


c  i?MQ!«gSffi828S8SB^S8gSSSgggg88ggggggggg 


||g  ’-'y'^'^‘««>^-®°'S:^22S22E;22So3Ri2aK!8K8ffi8n58RS88288? 


O) 


(J 

U] 

Oh 

tn 


T-t®  ^Q0«-40(\i 


coill 


„  0-* 
iDd'dm^u) 


N 

fy 

AV 

2 

s 

2 

^  J- 
■*¥> 

£ 

k 

i 

u 


Q 

OC 

& 


54 


CRACK  LENGTH  (INCHES) 


MHi 


¥ 


Table  A-1 1.2.  Crack  Growth  Data  -  SENH  93- 1 


N  NO. 

SENR93-1 

R357 

ERT 

T6 

ORM 

CRST 

RERT. 

RS  MILLED 

TURER 

BOEINC 

IMBER 

NR 

CINEIC. 

ENT'N 

06-4671-626 

NR 

IMENT 

RIR 

:mp. 

72 

DEG  F 

IMIOITY 

52 

per  Ri 

;rRESS 

39.6 

KSl 

IRD 

375 

LB 

RRTIO 

0.  060 

■RICK. 

0.  1204 

INCHE 

iiorR 

2.  505 

INCRE 

■RILURE 

190000 

CYCLE 

HHSB 


mi 

nil 


SBSSR! 

nnri! 


DELTR 

K  > 

10.0tDR/DN>®-‘^® 

DELTR 

K  » 

20.8  RREN  DR/DN  =  100. 

R2 

m 

0.941 

II 


PROCRflH  NOTCm  --  VERSION  2 
I  I  I  I  I  I 


DELTR  K  (KSI  JlH) 


SPECIMEN  NO.  S3+e3-l 


Table  A- 1 1.3.  Crack  Growth  Data  ■  SENH  93- 1 


®  ®  th  (\j  (\j  (\j  ru  r)  r)  ro  ro  V  0)  UD  0)  oJh-V  CD  0^  cn  0^  ®  r4  nj  ®  ®  ® 


0®®®®®®®®®®®®®®®®<-lr4>-I^T4rtW>4>4WT4T.|WT.|WWT4..4>-l..4®®® 


KlRlffiSSGSiKiffimRffi^:!;  K]£SS8S!fii2Pi9-'Si5c3SROm 
28j«i5il<j?n'ai{iffiSP[iS5feSlj^SSSSSS88SS5SSSSSS§®®® 


Table  A-  1Z 1.  Crack  Growth  Data  -  SENH  93-2 


1  1  1 
SPECIMEN  NO.  SENHV3-2 

OLLOV  nss? 

HERT  TRERT  T6 

RLLOY  FORM  CRST 

SURF.  TRERT.  RS  MILLED 
MRNUFRCTURER  BOEINC 
-  HEAT  NUMBER  NR 

SPEC.  CONFIG.  D6-4671-6U-626 

CRK  ORIENT'N  NR 

ENVIRONMENT  filR 

TEST  TEMP.  70.5  DEG  F 

TEST  HUMIDITY  45  PCT  RH 

YIELD  STRESS  39.6  KSI 

MRX.  LORD  375  LB 

Y 

i[ 

)  < 

STRESS  RRT 
SPEC.  THIC 
SPEC.  HIDT 
SPEC.  FAIL 

TIME  12i5 
DRTE  1/: 

ID  0.06 

K.  0.12 

»  2.50 

URE  21200 

4i  28 

5/80 

0 

29  INCHES 

0  INCHES 

0  CYCLES 

1 

j 

/ 

/ 

PROGRR 

— 

M  NOTCHl  -■ 

VERSION  2 

03 

OJ 


cn 

UJ' 

X 

CJ 


CD 

2 

UJ03 

_l“ 

ca 

O 

cr 

cr 

0(Q 

CO 


"^0.00  80.00  120.00  160.00  '  200.00 
NUMBER  OF  CYCLES  <X103  ) 


2/10.00 


58 


(MICRO-IN/CYCLE) 


Tabl§  A-  1ZZ  Cnck  Growth  Data  ■  SENH  93-2 


i0ee. 


tISPECIMEN  NO. 
■PLLOY 
-HEPIT  TRERT 
ALLOY  FORM 
'SURF.  TRERT. 
UMRNUFfiCTURER 
RERT  NUMBER 
l_SPEC.  CONFIG. 
CRK  ORIENT'N 
ENVIRONMENT 
.TEST  TEMP. 
TEST  HUM-IOITY 
YIELD  STRESS 
MfiX.  LORD 


SENH93-2 

R357 

T6 

CAST 

AS  MILLED 

BOEING 

NR 

06-4671-614-626 

NR 

RI  R 

70.5  DEG  F 
45  PCT  RH 

39.6  KSl 
375  LB 


a 

'v 

cr 

Q 


1.0 


0.  1 


1.0 


DELTR  K 


10. 

(KSl  vTN) 


100 


59 


SPECIMEN  NO.  SENH93-2  *X«i'^s«r«**c***W:******Sri;*****:«»*«:S:** 


Table  A-1Z3.  Crack  Growth  Data  -  SENH  93-2 


U) 
:  H 

QCn 

iai 


a 

_j 

u 


iS®C:S®?'25'*'<^'’'t^!2®®N’r®-incDkflT-nD<s>®o®®<S)®®®®G' 
®  n  m  w  N  00  li  T  T  C“  m  Lfi  m  ■H  pb  ®  uB  (r> -H  N  ■<r  ■T  K)  IS  S  ®  5  <5  (s><s  o  <S' S 
of0U)CDis»-<*H(uDr-fu«-iwflDNu)wvai(ri®aji/)S)S®©®o5®§®® 

(\jftj(\j(vin(onm(nr)TU)®[^cD(n^mjgj^(^  IS®®®®®®®  ®® 


S92£§S{{]|iS|5jffiSg!?SSMS[;;S:lggg§ggg§g^ 

®®®®'rt.-i,^r^(\jairofonr)r)r)'^®u3ioi'-'t^cD®®®®o®®®®®c 


f\J  ^—4  —1  ^-1  ^  J  fT»  rtN  ffs  rTN  Ar^ 


®(^(njoi/)n}a>§r^a>u)Dvi^^ni/)a)u)rofUr<i^nuDKfrt^ru 

-  *•*  ‘  .  -  tr>ui(Ticn®® 

rufunjajf\jnj 


nCDO^^^(T»UDV(S>l/)»-*toLn®LnCD(\JvaDCDN 

f^ajc^^HOjfUD^uimiDuif^QDCDiDa^o^c^criS) 


GjffiSSSS^|5>'S§ffi?S§Sli^2i2f3^iSSco^5S8K!§ggggi§§g§g§ 

?^'a2i»g8SSSisigSSgg§2222222222®®®®®®®®®®® 


OW- 


r-ZQ  *Hfgn)^ri/)«)f^cDcn®-Hr\jn^Ln<X)r-cDcn®  «Hmm'^^L^<^^•Q:)c;'®  *^('uro'^i/)u)r^coo^(S' 
g^z  ^'H«HtH^itH*^^-t^»HrGf\j/’gf\jrgwnjruru(viforoo)P')r)nnron(’iT 


o 

u 

d? 


u,5 

r^^^z2> 

VD  a> 

UIUI  •  •  •<s>  GK\JG)CVJ<S>f 
^ ^  U)  $  y?  5  OJ  cn  u)  oj  c 
r-  - 


SutnraS 

QCL«_JU 


ncD  •••...  .(xj 

G>  ^  ®  ®  ▼**0(\J  "H 

nj 


2MSSS55 

-Pi_.tsz:. 


CDC 

OJC 


!  ySoi? 

w 

q: 

1  Pj-W  — 

u 

OJ'^ 

:Qa<rWu 

tH 

•  aaosoug 

2 

)0  (/)£ 

u. 

» 

-l01/>  O) 

o 

1  -IjffifcQ 

u 

UiUi 

Z 

ixucka--  -H 

ud 

ZH 

m 

a. 

-•5 

o 

•£cj(nu(3aaa5  j: 

tn 

h*Q 

t- 


S: 

fU! 


■*-1  I 

ei  li! 


r 


>- 

X- 

> 

» 

Oi 

m 

L) 

a 

Q 

d 

U 

5 

Di 

a, 

a 

60 


CRfiCK  LENGTH  (INCHES) 

.60  1.80  1.00  1.20  1.<|0  1.66  ...86  2.66  2.26 


Table  A- 13. 1.  Crack  Growth  Data  ■  SENH  95- 1 


1  1 

SPECIMEN  NO.  SENHP5-1 

RLLOV  fi357 

HERT  TRERT  T6 

RLLOy  FORM  CfiST 

SURF.  TREAT.  RS  MILLED  • 
MANUFACTURER  BOEING 
-  HERT  NUMBER  NR 

SPEC.  CONFIG.  D6-4671-626 

CRK  ORIENT'N  NR 

ENVIRONMENT  AIR 

TEST  TEMP.  72  DEG  1 

TEST  HUMIDITY  40  PCT  RH 

YIELD  STRESS  39.6  KSI 

MAX.  LORD  375  LB 

STRESS  RRT 
SPEC.  THIL 
SPEC.  HIDT 
SPEC.  FAIL 

TIME  8i£ 
DATE  1/2 

ID  0.06 

K.  0.12 

H  2.50 

URE  27300 

;ii20 

>5/80 

0 

82  INCHES 

3  INCHES 

0  CYCLES 

I 

i. 

r 

y 

PROGRF 

M  NOTCHl  -- 

_ 

VERSIDN  2 

_ 

A0.00  80.00  120,00  160.00  200.00 

NUMBER  OF  CYCLES  (X103  ) 
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TENSION  SPECIMEN 


Table  A- 13.3.  Crack  Growth  Data  -  SENH  95- 1 
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Table  A-U.  1,  Crack  Growth  Data  •  SSNH  55-2 


SPECIMEN  NO. 

SENH95-2 

RLLOY 

R357 

RERT  TRERT 

T6 

RLLOY  FORM 

CAST 

SURF.  TRERT. 

AS  MILLED 

MRNUFRCTURER 

BOEING 

HERT  NUMBER 

NR 

SPEC.  CONFIG. 
CRK  ORIENT'N 

06-4671-626 

NR 

ENVIRONMENT 

AIR 

TEST  TEMP. 

72 

DEG  F 

TEST  HUMIDITY 

42 

PCT  RH 

YIELD  STRESS 

SP.6 

KSI 

MP.X.  LORD 

375 

LB 

STRESS  RATIO 
SPEC.  THICK. 
SPEC.  HIOTH 

0.  060 

0. 117S 

INCHES 

2.501 

INCHES 

SPEC.  FAILURE 

96000 

CYCLES 

TIME  8i  KtZK 

DATE  1/28/80 

PROCRRM  NOTCMl  --  VERSION  2 


6110.00  720.00  800.00  880.00 

NUMBER  OF  CYCLES  (X102  ) 


960. 00 


SV'liCIIlEN  to.  SElSH9S-a 


Table  A-14.3.  Crack  Growth  Data  -  SENH  95-2 
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APPENDIX  B 


FRACTURE  TOUGHNESS  TEST  DATA 


?  8 

(D  U)  0> 

oT  <0 


f-  O  1*^ 

cm"  cm"  00 

o  o 

^  a 

T  ^ 
cm"  CM  00 

§o 

rs 

rv  <o 
<m"  cm"  C) 

_ ^ 

9  8 

rN  ^  rv 

CM*  cm"  O) 

S  a  00 


6uj)ptJ38Jd  6u|jnp  paiiij 


m  in  a>  o  ^ 

i  le  3  S  8 


»-T-^0>OOOP 


o  «o  >A  in 

^  8  S 


§  y  I  i  i  M 

« g  i  ^  i  §  §  § 


r*  00  00  CO  o 

8  S  s  &  s; 

n  p  p  P  z 


^  CO  oo  fN  in  _ 

tn  C'  3  r>  in  O 

»  00,  p  p  p  2 

^  ^  W  O  lO  _ 

oq  S  p  S  <q  2 

S  S  s  s  s  o 

p  p  p  IN  p  2 

s  a  5  8  S2  o 

p  p  5  ^  p  2 


•*4 

«J 

3 

:h2li 

_ i 

1.038 

.972 

2.002 

1,300 

3.020 

PPPPPPPPPPPP2 
p  p  a  a  p  p  p  p  p  p  4  2 

6u|)|iJ38xj  Du|Jnp  P8||8 j 


§ 

8 

rs 

8 

<0 

CO 

a 

»-* 

938 

.964 

.039 

CD 

a“ 

q 

023 

.841 

.866 

.494 

.743 

O 

z 

cm" 

cm" 

IP* 

8 

IP* 

2,790 

2,710 

1.076 

1.076 

o 

8 

.995 

.926 

.000 

.053 

.053 

.941 

ID 

1.030 

.443 

.733 

o 

z 

§  I 

CM 

5 


Dui)ptJ99id  Bupn  pp*l!8:i 

S„12a?t8ai2ap;83S58o 

¥o^«-ooa>opoa»ttOiACD2 

CM _ 

§..§ggi§§iiyg§gi 

CM  O  W . .  ^  • 

CM _ 

O,  ^  ^  ^  ^  ^  •  • _ - 

I  8  S  r  I  §  §  §  §  ^  s  §  I  5  i 


' - *  S:  - '• - ■ - *• - ^  -C  n  C.  ^ 

-■■S.-£.s.  £.-£.  g.i  ^  ^  ^  P  ^ 


g  H  S  a  I 
«  8  -  -  - 


ftU.S. Government  Prlntlnj  OffIcJ:  1980  —  657-084/751 


A3B7-T8  LoKlr»t*:  10000  LB/MI  N 

Mt:  Lab  air  Compitad  from  raport  T6-6366 

ccnfiguratfon:  D&<t671-613  *Dar  ASTM  E3B9 


